Native folding and splicing by the Saccharomyces cerevisiae mitochondrial bI5 group I intron RNA is facilitated by both the S. cerevisiae CBP2 and Neurospora crassa CYT-18 protein cofactors. Both protein-bI5 RNA complexes splice at similar rates, suggesting that the RNA active site structure is similar in both ribonucleoproteins. In contrast, the two proteins assemble with the bI5 RNA by distinct mechanisms and bind opposing, but partially overlapping, sides of the group I intron catalytic core. Assembly with CBP2 is limited by a slow, unimolecular RNA folding step characterized by a negligible activation enthalpy. We show that assembly with CYT-18 shows four distinctive features. (1) CYT-18 binds stably to the bI5 RNA at the diffusion controlled limit, but assembly to a catalytically active RNA structure is still limited by RNA folding, as visualized directly using time-resolved footprinting. (2) This mechanism of rapid stable protein binding followed by subsequent assembly steps has a distinctive kinetic signature: the apparent ratio of k off to k on , determined in a partitioning experiment, differs from the equilibrium K d by a large factor. (3) Assembly with CYT-18 is characterized by a large activation enthalpy, consistent with a rate limiting conformational rearrangement. (4) Because assembly from the kinetically trapped state is faster at elevated temperature, we can identify conditions where CYT-18 accelerates (catalyzes) bI5 RNA folding relative to assembly with CBP2.
Introduction
This is a study in comparative ribonucleoprotein assembly. Given a group I intron RNA that requires a facilitating protein to achieve its catalytically active structure, how does changing the protein cofactor alter the assembly pathway?
Most cellular RNAs, such as ribosomal, spliceosomal, and group I and group II intron RNAs, achieve their functional structures only after forming complexes with one or more cofactor, or architectural, proteins. Protein-facilitated splicing of group I intron RNAs offers an especially tractable approach for studying ribonucleoprotein assembly reactions. RNA structure can be probed by biophysical and footprinting approaches and formation of the speci®c structures required for catalysis can be monitored stringently by RNA splicing.
Proteins that function as cofactors to facilitate splicing of group I introns include CBP2 1 ± 3 and CYT-18 4, 5 from Saccharomyces cerevisiae and Neurospora crassa, respectively. Both proteins facilitate group I intron RNA splicing by stabilizing similar catalytically active RNA structures. 6, 7 Strikingly, as summarized in Table 1 , the molecular mechanisms by which CBP2 and CYT-18 function as cofactors are decidedly distinct. CBP2 binds to an idiosyncratic structure conserved only among the IA1 subgroup of group I introns 8 ± 10 and normally functions in S. cerevisiae to facilitate the splicing of a single group I intron in the mitochondrial cytochrome b message (bI5). 11 In contrast, CYT-18 binds to the roughly coaxially stacked P5-P4-P6 and P8-P3-P7-P9 domains that form the catalytic core conserved among all group I introns. 12, 13 CYT-18 can facilitate the splicing for most group I introns in which these structures are accessible for binding. 5, 14, 15 CYT-18 also functions as a tyrosyl tRNA synthetase and RNA splicing facilitation is likely to have evolved from a tRNA binding activity. 4, 16 Assembly of CBP2 with the bI5 intron is limited by the unimolecular folding of the RNA. CBP2 binds rapidly and stably to the catalytic core of the bI5 RNA only after the RNA has folded transiently to the native state in a mechanism termed tertiary structure capture. 17, 18 In contrast, CYT-18 binds rapidly to group I introns containing an intact P5-P4-P6 structure. 13, 14, 19 Given that CYT-18 binds rapidly to unfolded group I introns, we sought to explore two intriguing possibilities. First, the transition state for CYT-18 assembly into a catalytically active bI5 RNA-protein complex might be different than the CBP2 mediated transition state. Second, under some conditions, CYT-18 might function to nucleate or catalyze bI5 RNA folding.
Here, we show that both the cognate CBP2 and the not-normally cognate CYT-18 proteins facilitate splicing by the bI5 group I intron, but do so by distinctive mechanisms. CBP2 and CYT-18 mediated RNA folding reactions re¯ect two limiting cases for assembly of complex ribonucleoproteins. These systems illustrate principles likely to be common to assembly of the ribosome, spliceosome and pre-mRNA complexes.
Results

Overall approach
This investigation into the comparative ribonucleoprotein assembly of the bI5 group I intron with the CBP2 and CYT-18 protein cofactors involves three stages. First, we show that CYT-18 facilitates splicing of the yeast bI5 intron and that both CBP2 and CYT-18 must remain stably bound to the RNA to do so. We then use hydroxyl radical footprinting to map the bI5 RNA binding sites for these two proteins. These experiments are consistent with substantial prior work on CYT-18 from the Lambowitz laboratory 12 ± 16,19 and emphasize that the bI5 intron is a good candidate for this comparative study. Second, we compare assembly and disassembly reactions for CBP2 and CYT-18. We show that CYT-18 binds rapidly to the bI5 RNA and that overall assembly is characterized by a kinetic signature in which the apparent ratio of dissociation to association rate constants differs from the equilibrium K d by a large factor. This apparent discrepancy suggests assembly proceeds via induced ®t. 20 Finally, we explore the consequences of rapid formation of the CYT-18-RNA complex for ribonucleoprotein assembly. Strikingly, CYT-18 binding alters the transition state for ribonucleoprotein assembly to one with a large activation barrier. CYT-18-mediated assembly is visualized directly using a time-resolved footprinting approach. Assembly with CYT-18 involves at least three steps: rapid formation of a stable encounter complex, followed by stable binding at the P5-P4-P6 structure, and limited by slow overall consolidation to the native RNA-protein complex.
Protein-facilitated splicing and rate-limiting assembly of the bI5 group I intron with both CBP2 and CYT-18
We compared the ability of CBP2 and CYT-18 to facilitate the splicing of a simpli®ed version 21 of the bI5 group I intron (at 7 mM MgCl 2 , 50 mM KCl, pH 7.6, 35 C, and saturating guanosine nucleophile).
Under these conditions the RNA folds into a conformationally collapsed, but non-native state. 18 In the absence of a protein cofactor, RNA splicing is slow, with a half-time of approximately ®ve hours (data not shown).
As a complex with either CBP2 or CYT-18, the RNA reacts ef®ciently with 5
H -guanosine monophosphate (pG) to form splicing products (Figure 1 (a) and (b); upper panels). At saturating concentrations of the pG nucleophile, the rate of CYT-18-facilitated splicing is within twofold of that for CBP2 facilitated splicing; rates are 0.9 and 1.6 min À1 , respectively (Figure 1(c) and (d), ®lled circles). In both cases, reaction of a 5
H -end-labeled RNA precursor yields both ligated exons and the free 5
H exon, suggesting only a fraction of the RNA folds into a conformation compatible with both 5 H splice site cleavage and exon ligation reactions. ; n, as demonstrated for assembly with the bI5 intron, these properties might differ for other introns.
The reactive RNA fraction is slightly, but consistently, larger for the CYT-18-RNA complex (compare reaction endpoints in Figure 1 (c) and (d)). Treatment of both preformed protein-RNA complexes with proteinase K, prior to addition of pG, reduced splicing to the level expected for self-splicing (data not shown). Thus, both proteins function as RNA cofactors and must remain bound to facilitate splicing.
When either CBP2 or CYT-18 is added with pG to initiate splicing of the free RNA, splicing is reproducibly slower than reaction of the preformed RNA-protein complexes (compare open and symbols in Figure 1 (c) and (d)). Slower reaction of free RNA with the protein cofactors demonstrates that an assembly step is rate determining for formation of the native RNA-protein complex in both cases. For CBP2, unimolecular folding of the free RNA limits overall folding. 17, 18 Some physical step must be limiting for assembly of the CYT-18-RNA complex, as well.
CBP2 and CYT-18 bind distinct faces of the group I intron catalytic core
We mapped the binding sites for each protein on the catalytic core of the bI5 intron using Fe(II)-EDTA-mediated hydroxyl radical footprinting. The hydroxyl radical reacts approximately equally with duplex and irregularly structured RNA, but is strongly sensitive to the solvent accessibility of the phosphoribose backbone. 22 ± 24 We performed footprinting experiments using an RNA that spans the bI5 catalytic core, termed bI5core. 18 Residues comprising this RNA (positions 76 through the 3 H splice site) are shown explicitly in Figure 2 (b). In the full-length intron, binding by both proteins induces additional RNA-RNA contacts by stabilizing association of the 5 H domain (shown schematically as a heavy line in Figure 2 (b)) with the catalytic core. Identi®cation of speci®c protein-RNA contacts is signi®cantly more straightforward with the bI5core RNA, which lacks the 5 H domain. Native folding of the bI5core RNA is stabilized either by CBP2 binding at 7 mM MgCl 2 or upon addition of 40-80 mM MgCl 2 . 18 In the absence of MgCl 2 , the bI5core RNA backbone is cleaved ef®-ciently by Fe(II)-EDTA generated hydroxyl radicals, while well de®ned regions of the RNA backbone are protected from cleavage in the presence of 40 mM MgCl 2 . Protected regions are identi®ed as black bars in Figure 2 (a) and are consistent with the known group I intron structure as deduced from biochemical and crystallographic studies 10,18,25 ± 27 (compare 0 mM and 40 mM MgCl 2 /Fe(II)-EDTA lanes).
We distinguish RNA-RNA contacts from protein-RNA contacts by comparing the hydroxyl radical footprint observed at 40 MgCl 2 with the protein-induced footprints observed at 7 mM MgCl 2 . Since the RNA catalytic core is essentially folded at 40 mM MgCl 2 , the bI5 system has the important advantage that additional protected regions can be assigned with relative con®dence to protein-RNA interactions. Several regions are protected upon addition of CBP2 at 7 mM beyond those protected at 40 mM MgCl 2 (blue bars in Figures 2(a) and (b) ). These protected regions are superimposed on a three-dimensional model of the bI5core RNA in Figure 2 (c). CBP2 binds at a compact site spanning the P3-P8 coaxially stacked helices and also at the non-conserved P7.1-P7.1a extension, characteristic of the IA1 subgroup of group I introns.
The binding site for CYT-18 on the bI5core RNA was mapped in a similar way (compare the 40 mM MgCl 2 /À protein with the 7 mM MgCl 2 / CYT-18 lanes in Figure 2(a) ). CYT-18 interacts at a large site spanning the P5-P4-P6 domain, P8, J8/7 and P9 (denoted by red bars in Figures 2(a) and (b) ). Most of the CYT-18-RNA contacts map cleanly to one face of the bI5core RNA (Figure 2(d) ). These results are consistent with experiments in which RNA-RNA and RNA-protein interactions, induced by CYT-18 binding, were mapped on an RNA with little prior tertiary structure. 12 As viewed down the P4-P6 helix, CBP2 and CYT-18 bind roughly on opposite sides of the intron catalytic core ( 
Affinity of the CYT-18-bI5 RNA complex
In preliminary experiments, we determined the af®nity of the CYT-18-bI5 RNA complex (K d ) to be $0.1 nM using a nitrocellulose ®lter binding assay. Prior work had raised the possibility that the equilibrium dissociation constant was not equal to that calculated from the association and dissociation rate constants. 13, 14, 19 We, therefore, took care to ascertain that the equilibrium K d measured here re¯ected a true equilibrium.
CYT-18 is a homodimer belonging to a class of synthetases that exhibits half-of-sites reactivity and binds a single intron RNA molecule. 19, 28, 29 It was thus possible that dissociation of the homodimer might also contribute to the RNA binding equilibrium. We tested CYT-18 activity at low concentrations using a stoichiometric splicing assay and detecting covalent attachment of radiolabeled GTP to an unlabeled intron precursor. This assay is sensitive enough to detect splicing at very low (0.02 nM) protein concentrations and requires that H -end-labeled RNA was subjected to Fe(II)-EDTA mediated hydroxyl radical cleavage at the indicated MgCl 2 concentrations. Intramolecular RNA-RNA interactions in the native state (black bars at right) were identi®ed by protection at 40 mM MgCl 2 in the absence of protein and have been assigned previously. 10, 18 Regions speci®cally protected by CBP2 and CYT-18, beyond those assignable to RNA-RNA interactions are indicated at the right (blue and red bars, respectively). RNA structural landmarks are shown at left. RNA was the bI5core construct spanning the conserved catalytic core from position 76 through the 3 H -splice site. G and A marker lanes were generated by iodine treatment of phosphorothioate-substituted RNA. Left and right panels correspond to reactions subjected to electrophoresis for 3 and 1.5 hours, respectively. (b) Superposition of protein mediated protection from solvent-based cleavage on the secondary structure of the bI5 RNA; assignments are reproducible to AE2 nts. P, J and L indicate paired, joining and loop structures, respectively. Brackets indicate regions monitored in these footprinting experiments; asterisks indicate hot spots for background cleavage where assignments are less certain. (c) and (d) Visualization of the CBP2 and CYT-18 binding sites on a three dimensional model of the bI5core RNA. Regions shown in dark gray lie close to the 5 H end of the RNA and were not monitored; P9.1 is not shown.
Transition States for Ribonucleoprotein Assembly
CYT-18 not only bind RNA, but function correctly in splicing. Stoichiometric splicing assays were performed at 1 nM bI5-5R RNA, approximately 15-fold higher than the K d (see below). Formation of GTP-radiolabeled intron was monitored at both excess and substoichiometric CYT-18 concentrations under conditions where formation of spliced product is linear in time. The intercept occurred at a CYT-18 concentration of 1.3(AE0.3) nM (Figure 3(a) ). Thus, at least 70 % of the protein is active for proteinfacilitated splicing. Formation of excised intron was also linear through the range of 0.02-0.1 nM (Figure 3(a), inset) . Signi®cantly, CYT-18 is active at these low concentrations{.
Given an anticipated K d of $0.1 nM, we maintained the RNA concentration in binding experiments at 0.005 nM (much lower than the K d , such that [CYT-18] total % [CYT-18] free ). Equilibrium dissociation constants, equal to 0.06 nM, were identical, within error, for equilibration periods spanning 20 minutes to 18 hours (Figure 3(b) ). The fraction RNA bound at saturating protein concentrations decreases slightly for long equilibration periods, which we attribute to RNA degradation. CYT-18 binds sixfold more tightly to the bI5 RNA than does CBP2 (Figure 3(b) ).
Assembly and dissociation of the CYT-18-bI5 RNA complex
We monitored rates for stable association of CYT-18 with the bI5-5R RNA by partitioning on nitrocellulose ®lters. Refolded RNA was rapidly mixed with CYT-18 and additional complex formation was quenched by addition of the nonspeci®c competitor heparin. 19 Complex formation showed good pseudo-®rst-order behavior and the observed association rates increased from 0.7 min À1 at 0.15 nM to 2.0 min À1 at 0.5 nM (circles and triangles, respectively, Figure 4(a) ). The association rate constant for formation of the CYT-18-RNA complex was obtained from the slope of observed association rates as a function of (Figure 4(a) , inset). The association rate constant,
), is consistent with assembly at the diffusion-controlled limit 30 and with other CYT-18-RNA assembly reactions. 13, 19 Dissociation of preformed CYT-18-bI5 RNA complexes was initiated by addition of heparin, which competes with reassembly of the complex. Addition of heparin prior to CYT-18 in the complex formation step eliminated coretention of RNA on the nitrocellulose ®lter (®lled circle, Figure 4(b) ). The fraction complex as a function of time was ®t to a single exponential to obtain a dissociation rate constant, k off (4( 2/À3) Â 10 À3 min À1 ), corresponding to a half-life of approximately three hours (open circles, Figure 4(b) ).
An obligate intermediate in assembly of the CYT-18-RNA complex
The ratio of k off to k on for the CYT-18-RNA complex is (0.004 min À1 )/(4.3 Â 10 9 M À1 min
À1
) or $1 pM. This ratio differs from the equilibrium dissociation constant (Figure 3(b) ) by $70-fold; this difference cannot be rationalized by experimental uncertainty in our rate measurements. Motivated { A remaining possibility is that CYT-18 does dissociate, but subsequently dimerizes in the presence of RNA. This mechanism would require that the protein monomer bind the RNA with nM af®nity, for which there is no evidence.
by a similar apparent discrepancy in assembly of the human signal recognition particle, 20 we proposed that disagreement between the ratio of dissociation to association rate constants and the equilibrium K d suggests an RNA-protein assembly reaction proceeds via a stable intermediate.
All RNA-protein intermediates stable to nitrocellulose partitioning are scored as``bound'' in a ®lter binding assay. If an intermediate complex is stable to nitrocellulose partitioning, then the steps monitored by k off and k on can re¯ect different elementary steps in the assembly pathway (equation (1)).
k on measures formation of the ®rst stable RNA-protein complex; whereas, k off reports primarily the slowest of several potential disassembly steps. We will identify obligate structural intermediates in the predominant pathway for assembly of the CYT-18-bI5 RNA complex, as required by this mechanism, in a subsequent section.
CYT-18 mediated assembly proceeds via a different transition state than CBP2 mediated assembly: an opportunity for catalysis of RNA folding CYT-18 binds to the bI5 RNA at the diffusion controlled limit (Figure 4(a) ). However, rapid binding does not translate into rapid assembly because reaction initiated by addition of CYT-18 and pG to the free intron at 35 C is reproducibly slower than splicing of a preformed CYT-18-RNA complex (Figure 1(d) ). Thus, some assembly step remains rate limiting.
Rapid binding by CYT-18 to the bI5 RNA might alter the ribonucleoprotein assembly transition state relative to that stabilized by CBP2. One phenomenological approach for evaluating the nature of a folding transition state is from the activation enthalpy, ÁH { . Therefore, we determined the rate of splicing as a function of temperature for reaction of a preformed, native CYT-18-RNA complex (termed k c ) and also for reaction of free RNA initiated by addition of CYT-18 and pG. Splicing by the preformed CYT-18-RNA complex is strongly temperature dependent and we calculated the activation enthalpy for reaction of this complex from an Erying plot as shown in Figure 5 (b) (®lled squares); the slope of this Erying plot yields ÀÁH { directly. Reaction of the preformed CYT-18-RNA complex has an activation enthalpy of 15(AE4) kcal/mol, a value comparable to the activation enthalpy for reaction of a preformed CBP2-RNA complex (19(AE3) kcal/mol). 18 Reaction of free RNA, initiated by addition of CYT-18 and pG, is also strongly temperature dependent, ÁH { 18(AE3) kcal/mol (open squares, Figure 5(b) ). This large activation enthalpy supports an assembly mechanism in which some structures must be (partially) disrupted to achieve the native state. In strong contrast, the transition state for assembly of the CBP2-RNA complex is approximately independent of temperature (corresponding to a negligible ÁH { , open circles, Figure 5b ) and consistent with a relatively diffusive or¯uid transition state for assembly. 18 Thus, substituting CYT-18 for CBP2 alters the transition state for assembly of the protein-stabilized bI5 RNA active state from a¯uid transition state to one evidently with stable, non-native interactions. One practical consequence of a large ÁH { is that rapid binding by CYT-18 accelerates folding of the bI5 RNA at elevated temperatures relative to assembly with CBP2. The rate enhancement is 3.6-fold at 48 C ( Figure 5(a) ) and is approximately tenfold at 55 C ( Figure 5(b) ).
Rate-determining consolidation of RNA structure mapped by time-resolved footprinting Protein binding and subsequent splicing of free bI5 RNA is slower than reaction of pre-formed complexes of the RNA with either CBP2 or CYT-18 ( Figures 1 and 5(b) ). Thus, some step prior to the chemical splicing step is rate determining for both ribonucleoprotein assembly reactions.
We recently demonstrated that iodine-mediated cleavage of phosphorothioate-substituted RNA can map, in a time-dependent way, RNA conformational changes and ribonucleoprotein assembly reactions at nucleotide resolution. 20 Transcription in the presence of limiting concentrations of a-phosphorothioate nucleotides yields a pool of RNAs partially substituted with sulfur in the R p position. 31 Upon addition of iodine, phosphorothioate linkages are cleaved rapidly 20, 31 and, after a brief reaction period (ten seconds), unreacted iodine can be quenched by addition of 2-mercaptoethanol. 
Transition States for Ribonucleoprotein Assembly
We focused on RNAs containing phosphorothioate-substituted guanosine residues and compared the extent of cleavage at 7 mM Mg 2 in the absence or presence of either the CBP2 or CYT-18 protein cofactors. Use of the single guanosine phosphorothioate-substituted analog affords comprehensive coverage of all bI5 RNA structural domains because guanosine residues in this A and U-rich intron occur primarily in conserved structures in the catalytic core (see Figure 2(b) ). Thus, many positions including in P4, P6, P7 and P8 are protected by both proteins (see the seven minute time points in Figure 6 (a) and (b)), while guanosine residues in loops distant from the catalytic core are unaffected by protein binding. Protection from iodine mediated cleavage reports formation of both native RNA structures and RNA-protein contacts. 
We monitored formation of native structure in the bI5 RNA, upon addition of CBP2, at positions representative of all major substructures within the intron (see arrows in Figure 6(a) and (b) ). These included P4 (position G94), P5 (position G109/ G110), P6 (G145), P7 (G302/306), J8/7 (G296), P7.1a (G243), J7.1/3 (G258), and P9 (G316). Representative data for one series of experiments is shown in Figure 6(a) and (c) . Rates at individual positions typically varied from 0.3 to 0.8 min À1 . Multiple repetitions of this experiment indicated folding to the native state, averaged over each of these positions, is characterized by a rate constant of 0.5(AE0.2) min À1 . This value is identical, within error, to the rate limiting RNA folding step, k fold , measured in splicing reactions initiated by the addition of CBP2 to free, unfolded RNA (Figure 1(c) ).
Nucleotides located in diverse, representative structures in the RNA show essentially identical rates of folding as judged by protection from iodine mediated cleavage. Thus, the entire catalytic core appears to fold in a single step upon addition of CBP2. These data provide direct structural support for the proposal 17 that stable assembly of this ribonucleoprotein is limited by unimolecular RNA folding and that the protein capture splicing assay measures this folding step.
We then followed assembly of the bI5 RNA with CYT-18. For CYT-18, G296 (in J8/7) was not monitored because it does not footprint strongly with this protein. The other eight positions, monitored for CBP2, plus G99 (in P4), G150 (P6) and G221 (P7) could be followed robustly (arrows in Figure 6 (d) ). This rate is identical, within error, to the rate determining assembly step measured in the splicing reaction of free bI5 RNA and CYT-18 (see Figure 1(d) ).
The other four positions are reproducibly protected from cleavage upon CYT-18 binding more rapidly than overall folding of this RNA, at a rate of 2.5(AE0.6) min À1 (see ®lled arrows and symbols in Figure 6(b) and (d) ). These four positions lie in P4(G94), P5 (G134) and P6 (G145 and G150). These structures form the P5-P4-P6 domain that comprises the primary direct binding site for CYT-18 12, 13 (Figure 2(d) ). These positions remain protected through the slow assembly step, supporting a mechanism in which CYT-18 binds initially at P5-P4-P6, followed by a slow consolidation of the remainder of the RNA-RNA and RNA-protein interactions that comprise the native ribonucleoprotein interface.
The time resolved footprinting experiments were performed at a CYT-18 concentration of 50 nM where stable protein binding, monitored by nitrocellulose ®lter partitioning, should occur in seconds and much faster than our ®rst timepoint. The stable complex, which forms at the diffusion controlled limit, may therefore correspond to formation of an interaction not readily detected in the phosphorothioate footprinting experiment or to a heterogeneous ensemble of complexes.
Discussion
The catalytically active state of the S. cerevisiae mitochondrial bI5 group I intron RNA is stabilized by at least two protein cofactors: the cognate CBP2 protein and the heterologous CYT-18 protein from N. crassa. CYT-18 functions well in this role because it recognizes the P5-P4-P6, P8 and P9 structures, conserved among all group I introns. Assembly with either CBP2 or CYT-18 produces a functionally similar result: the bI5 RNA splices ef®-ciently (Figure 1) .
In contrast, the mechanisms by which CBP2 and CYT-18 assemble with and facilitate splicing of the bI5 intron are strikingly different. Our mechanisms for the predominant pathways by which these ribonucleoproteins form are shown in Figure 7 .
Both assembly mechanisms begin in the same place. Under our standard conditions, the bI5 RNA ). k c is the rate of splicing in the RNA native state. For simplicity, association of the 5 H splice site helix with the folded catalytic core is not shown. is in a collapsed, but non-native state. 18 The RNA occasionally samples the native state, but overall splicing is slow because the native state is infrequently populated. The ®nal consequence of assembly with either protein is also similar. Splicing by both CBP2 and CYT-18-stabilized native states occurs on the minute time-scale. Remarkably, all steps in between these identical starting and similar ®nal states are different.
In the case of bI5 RNA assembly with CBP2 (upper mechanism in Figure 7) , overall formation of a stable bimolecular RNA-protein complex is limited by unimolecular folding of the RNA from the collapsed state to a state where the RNA catalytic core is substantially formed. 17, 18 CBP2 then rapidly forms a stable, native complex with the bI5 RNA. The overwhelming majority of native RNA-RNA and RNA-protein interactions form in a single concerted step, as visualized directly by time-resolved footprinting (Figure 6(a) and (c) ). RNA structures in this transition state are relatively¯uid because this rate-determining step is characterized by a negligible activation enthalpy. 18 In contrast, CYT-18 binds rapidly to the bI5 RNA in the collapsed state (lower mechanism in Figure 7 ). This initial complex, while stable to partitioning on nitrocellulose ®lters (Figures 3 and 4) does not immediately yield a unique set of native RNA-RNA or RNA-CYT-18 interactions as visualized by time-resolved footprinting ( Figure 6(b) and  (d) ). The ®rst detectable native-like interactions occur at the P4-P6 junction in a separate, relatively fast step (Figure 6(b) and (d) ). That this structurally speci®c interaction detected by time resolved footprinting occurs in the P5-P4-P6 domain is consistent with the observation that CYT-18 binds rapidly and stably to most RNAs containing an intact P4-P6 structure. 12 ± 14,19 Formation of the native, catalytically competent state requires an additional slow consolidation of RNA-RNA and RNA-protein interactions to form the active CYT-18-bI5 RNA interface. This ratedetermining step is detected explicitly both in assays for catalytic activity (Figure 1(d) ) and by time-resolved footprinting ( Figure 6(d) ).
Idiosyncratic transition states and catalysis of RNA folding
We probed the transition states for assembly of the bI5 RNA with CBP2 and CYT-18 by determining the activation enthalpy of the rate determining step using the Erying formalism. RNA folding reactions limited by escape from stable, but incorrect, states are common and are characterized by a large activation enthalpy. 18, 32 Increasing the temperature functions to destabilize non-native states and thereby accelerates folding. In contrast, RNA folding reactions limited by consolidation of relatively¯uid transition state structures are characterized by small folding activation enthalpies. 18, 33, 34 The transition state for assembly with CBP2 has a negligible activation enthalpy ( Figure 5(b) ).
While CYT-18 binds stably to the bI5 RNA at the diffusion-controlled rate, much of this binding energy is not used productively in the dominant assembly pathway with this protein. Assembly to the native, reactive state is slow, k obs $ 0.5 min À1 at 35 C, and is characterized by a large activation barrier ( Figure 5(b) ). This implies that when CYT-18 binds the bI5 RNA, the complex exists in a relatively deep well along the predominant reaction coordinate. The height of this barrier can be reduced with increasing temperature and, as a result, at a suf®ciently high temperature, assembly by the CYT-18 mediated pathway is faster than the CBP2-stabilized one.
Thus, under speci®c conditions, CYT-18 functions to catalyze net assembly of the bI5 RNA into a catalytically competent conformation (Figure 7 ).
Protein and RNA stabilization of similar transition states for RNA folding
The transition state for assembly of the bI5 RNA into an active ribonucleoprotein changes from one with a low activation barrier to one with a large activation barrier upon switching the cofactor protein from CBP2 to CYT-18. This phenomenon may be governed by structural details similar to those observed for folding of the Tetrahymena group I intron, which does not require a protein cofactor for ef®cient in vitro splicing. In the Tetrahymena group I intron, the P5-P4-P6 domain is stabilized by an extension of the P5 helix, termed P5abc. This non-conserved structure folds back to lie adjacent to and parallel with the P5-P4-P6 domain and stabilizes the latter conserved domain. 35, 36 Overall folding of this RNA to a catalytically active state is slow and is characterized by a large activation enthalpy. 34 This transition state can be altered from one with a large activation enthalpy to one with a small or negligible activation barrier by destabilizing mutations in the P5abc structure. 34, 37 There is a strong similarity between destabilization of P5abc-P4-P6 in the Tetrahymena intron and switching from CYT-18 to CBP2 protein cofactors with the bI5 intron. Relatively rapid binding at P5-P4-P6 by CYT-18 stabilizes this region, but creates a large activation barrier for structural rearrangement required to attain the native structure.
In both systems, manipulations can reduce the activation barrier, but yield only modest net increases in RNA folding or ribonucleoprotein assembly rates under near-physiological conditions. A challenge for RNA folding thus appears to be that formation of very stable structures has the side effect of stabilizing non-native structures. Alternatively, if the ®nal structure is only marginally stable and folding avoids kinetic traps, then there exists only a small driving force for the overall folding reaction. This trade off may be remedied by small changes in solution conditions 32, 38 ( Figure 5 ) or by RNA chaperone proteins. 6, 39, 40 Transition States for Ribonucleoprotein Assembly Kinetic signatures for induced fit and multi-step ribonucleoprotein assembly Many ribonucleoprotein assembly reactions are bimolecular reactions involving one RNA and one protein component. More complex assembly reactions can also be viewed as multiple, potentially coupled, simpler reactions. If the association and disassembly steps for an RNA-protein complex are elementary ones, then the equilibrium binding constant can be calculated as the ratio of the dissociation to association rate constants. Inspection of Table 1 reveals that this simple approach breaks down for both CBP2 and CYT-18 mediated assembly reactions, but for different reasons.
CBP2 mediated assembly is characterized by a kinetic signature in which overall bimolecular assembly is limited by a ®rst-order (unimolecular) rate constant 17, 18 (Table 1 ). This kinetic signature re¯ects that overall assembly is limited by a unimolecular RNA folding step.
If an intermediate RNA-protein complex is stable to physical partitioning (or induces some physical change conserved in the ®nal complex), then the observed equilibrium binding constant can differ from the ratio of k off to k on by a large factor. 20 This appears to be the situation with CYT-18, as described in equation (1) (see also refs 13 and 14) , and for assembly of the AnCOB maturase protein with its cognate intron RNA. 41 Con®rmation of this kinetic signature for assembly of the CYT-18-bI5 RNA complex lead us to search for and identify individual steps that comprise the obligatory induced ®t mechanism (Figure 7) .
Assembly of the bI5 group I intron with either the CBP2 or CYT-18 protein cofactors yields approximately the same ®nal active RNA structure, but occurs via distinctive mechanisms (Table 1, Figure 7 ). These mechanisms illustrate reference points to which complex ribonucleoprotein assembly reactions, including of the spliceosome and ribosome, and involving pre-mRNA complexes, can be compared.
Materials and Methods
General (His) 6 -tagged CBP2 was puri®ed by af®nity chromatography on a Ni 2 -NTA resin; 21 puri®ed CYT-18 42 was a generous gift from Chris Myers and Alan Lambowtiz. CYT-18 concentrations are reported in terms of the functional homodimer. Reactions with either protein were carried out in a ®nal splicing buffer containing 50 mM Hepes (pH 7.6), 50 mM KCl, 7 mM MgCl 2 , supplemented with 1 10 volume of protein dilution buffer containing (before dilution) 20 mM Hepes (pH 7.6), 200 mM NaCl, 2 mM DTT, 1 mg/ml bovine serum albumin, and 40 % (v/v) glycerol. Two RNA species were employed in these experiments. The splicing competent bI5-5R RNA was generated by in vitro transcription using phage T7 RNA polymerase from plasmid pbI5-5R linearized with XbaI; bI5core RNA was produced using a PCR-generated template. 18 Both RNAs were puri®ed by denaturing gel electrophoresis. RNAs were refolded by heating to 90 C for one minute, placed on ice, and incubated at 35 C for 5-20 minutes.
Hydroxyl radical footprinting
Hydroxyl radical cleavage reactions (10 ml, at 35 C for 20 minutes) were performed with the bI5core RNA using ®nal concentrations of 1 mM (NH 4 ) 2 Fe(SO 4 ) 2 , 1.2 mM EDTA, 2 mM ascorbate and 5 mM DTT under standard conditions, but omitting glycerol. Reactions were quenched by addition of 10 ml of 50 mM EDTA, 80 % (v/v) formamide, and 10 mM thiourea. Cleavage products were resolved by electrophoresis on a series of 8 % (w/v) polyacrylamide/7 M urea sequencing gels run for varying lengths of time to achieve good resolution at all positions. Assignments for protein binding sites are reported as consensus patterns obtained from multiple independent experiments.
RNA splicing reactions
Splicing experiments (20-25 ml) were performed with 0.1-2 nM 5
H -end-labeled RNA, initiated by addition of 5 Hguanosine monophosphate to 2 mM. Reaction of free bI5 RNA was initiated by adding renatured RNA (18 ml) to a 3.5 ml volume containing either CBP2 or CYT-18 and 5
Hguanosine monophosphate. Reaction products were resolved by denaturing (7 M urea) electrophoresis in 8 % (w/v) acrylamide gels and quanti®ed using a phosphorimager. Reactions were ®t to an equation describing a ®rst order exponential: fraction starting material Ae À kt (1 À A), where A gives the reactive fraction. For determination of Erying activation energies, RNA was incubated at the target temperature for two to ten minutes prior to initiating reaction. Relative reaction rates obtained in side by side experiments are more precise than rates obtained many weeks apart: rates are always reported for closely related sets of experiments, typically performed on the same day. For example, although the absolute difference in rates is small, in multiple side by side comparisons, splicing by the preformed CYT-18-bI5 RNA complex was always faster than reaction of the free components. Stoichiometric splicing experiments were performed using 1 nM RNA, 0.3 mM [a-32 P]GTP (3000 Ci/mmol, 10 mCi/ml) and varying concentrations of CYT-18 for one hour. Control reactions con®rmed that radiolabeled intron formation was linear over this period and results were unaffected by preincubating the protein for one hour prior to adding RNA.
Equilibrium binding and complex association and dissociation
All nitrocellulose ®lter binding, k on and k off experiments were performed as described. 17, 21 Control experiments showed that observed rates were independent of the heparin concentration used to quench binding. 
Iodine cleavage of phosphorothioate-substituted RNA
Reactions (35 C) were initiated by addition of $10 nM 32 P-labeled bI5-5R RNA containing R p -phosphorothioate substitutions at guanosine (90 ml) to 10 ml of 500 nM of either CBP2 or CYT-18 proteins. Aliquots were cleaved by addition of 1 10 volume 1 mM I 2 in water and quenched after ten seconds by addition of 1 10 volume of 500 mM 2-mercaptoethanol. At the conclusion of the experiment, quenched reactions were treated with 1 10 volume each of 10 % (w/v) SDS and 10 mg/ml proteinase K (30 minutes, 25 C), followed by addition of formamide gel loading solution. Iodine and quench solutions were stored on ice until use; control experiments showed that the iodine remained active for periods of at least one hour. Reactions were resolved by denaturing electrophoresis and intensities at each time point were normalized to the intensity of neighboring bands whose intensity did not change in the presence of protein; rates (k were obtained by ®tting to: I/I t 0 A e À kt B, where I is the normalized band intensity, I t 0 is the normalized intensity in the absence of protein, A re¯ects the extent of protection, and B is the ®nal band intensity. Rates at individual positions obtained from independent experiments were reproducible to AE30 % or better. Rates Three-dimensional modeling of the bI5 intron Molecular modeling was performed using the program FRAGMENT 43 or MANIP. 44 The starting model is that of the S. cerevisiae omega intron 8 updated to re¯ect crystallographic studies. 27, 45 Modeling was guided by comparing the calculated solvent accessibility 46 for the ribose C4
H position with the solvent accessibility determined experimentally by hydroxyl radical mediated cleavage at 40 mM Mg 2 ( Figure 2 ).
